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Erwinia amylovora is the enterobacterium that causes fire blight, a disease of Maloideae plants. Progressive necrosis and ooze production are the main symptoms appearing on infected tissues. Harpin and disease-specific proteins released by the Hrp secretion pathway and the exopolysaccharide amylovoran are essential for pathogenicity (Bogdanove et al. 1996; Gaudriault et al. 1997; Bogdanove et al. 1998; Bugert and Geider 1995) . In addition, a high-affinity iron assimilation pathway mediated by desferrioxamine (DFO) has recently been shown to be involved in the virulence of E. amylovora CFBP 1430 (Dellagi et al. 1998) . DFO E is the main siderophore of the DFO family produced by this bacterium (Feistner et al. 1993; Kachadourian et al. 1996) . The ferric complex of this siderophore, ferrioxamine, crosses the bacterial outer membrane through a specific receptor called FoxR. The foxR gene is an iron-regulated monocistronic unit, as shown previously by Northern (RNA) blot analysis (Dellagi et al. 1998) . Interestingly, DFO is not only critical for iron acquisition, but also can potentially interfere with the oxidative burst occurring in the early stage of the interaction between plant and bacteria by protecting the invading pathogen from being killed by the reactive oxygen species (Dellagi et al. 1998) . The objective of this study was to determine if the induction of this iron assimilation pathway in iron-depleted medium also takes place during pathogenesis. Using a transcriptional lac fusion, we investigated the expression of the foxR gene in infected apple leaves.
A plasmid harboring the foxR gene was mutagenized with the prophage MudI1734, which can generate transcriptional fusions (Casthilo et al. 1984 ) and the fusion foxR9::lacZ selected to study foxR expression. Its precise position was assessed by sequencing and found to be at 108 nucleotides from the end of the gene (foxR; GenBank/EMBL data bank, accession number AJ223062). This mutation was recombined into E. amylovora CFBP 1430 chromosome by marker exchange and the FoxR -phenotype of the resulting strain was properly checked as described previously (Kachadourian et al. 1996) . In order to avoid the abnormal iron deficiency effect leading to the reduced capability of the transport mutant to cause fire blight symptoms, a plasmid containing a foxR wild-type allele, pAL2 (Dellagi et al. 1998) , was introduced in trans in the foxR9::lacZ harboring strain. The mutant strain containing the vector alone (pLA2917) was used as a control.
In order to assess the effect of iron availability on the expression of the fusion, bacterial cells were grown in LuriaBertani (LB) medium supplemented with either a strong Fe(III) chelator or ferric ions. Although LB medium is not starved of iron, we used it because usual iron-depleted media also display a low phosphate content leading to plasmid destabilization. The β-galactosidase activity of the cultures was measured as described previously (Miller 1972; Fig. 1A) . In the absence of a functional copy of the foxR gene, the fusion appeared to be derepressed and, even in the presence of plasmid pAL2, the fusion was expressed at a relatively high level. This suggests that, in LB, iron is not readily available to E. amylovora cells. The addition of FeCl 3 to the medium only decreased the level of foxR9::lacZ expression by twofold. On the other hand, the presence of EDDHA enhanced (7.5 times) the LacZ activity, showing the inducer effect of iron chelation on foxR gene expression. The decline in LacZ expression observed for optical densities greater than 0.8 reveals that the foxR gene transcription decreases as the internal iron content increases because of the release of DFO into the medium. To investigate the correlation between foxR gene expression in bacterial culture and in planta, the β-galactosidase activity produced by the bacteria in infected tissues was assessed. The engineered and parental strains were inoculated to young apple seedlings (Malus domestica cv. Evereste) in the glasshouse with an inoculum concentration of 10 8 CFU/ml, as described by Dellagi et al. (1998 (Fig. 1B and C) and the filtrate was treated as a standard sample for measuring β-galactosidase activity. The experiment was carried out in duplicate. Different levels of LacZ activity were obtained from leaves inoculated with the strain carrying the fusion while, as expected, no enzymatic activity was detected from the leaves inoculated with the parental strain (Fig. 1D) In order to further analyze the conditions of foxR gene expression in infected leaves, a microscopic study was carried out. Apple leaves were harvested 5 days after inoculation. The leaves were chemically fixed for 2 h in 1.25% (vol/vol) glutaraldehyde in 0.15 M sodium cacodylate buffer, pH 7.2. Histochemical staining of bacterial β-galactosidase activity was performed with X-Gal (5-bromo-4-chloro-3-indolyl-β-Dgalactopyranoside) as described by Vasse et al. (1995) . Infected leaf pieces of interest were sampled from the necrotic regions and processed for microscopic embedding in LR White resin (Pelanne Instruments, Toulouse, France) as described elsewhere (Roland and Vian 1991) . Light microscopical observations were performed on semithin sections of 0.5 to1 µm.
To compare the tissue colonization by the wild-type strain and the strain harboring the fusion and plasmid pAL2, the bacteria were observed on sections with a specific antiserum that recognizes the lipopolysaccharide (LPS) of E. amylovora CFPB 1430 (Samson 1972) , according to the classical twostep immunofluorescence procedure (Polak and van Noorden 1997) . Similar observations were obtained for both strains. The infected leaf tissues contained a high population of bacteria. The bacteria were strongly fluorescent, which allowed us to localize them in the whole leaf, even at low magnification (as shown in Figure 2A ), for the strain harboring the fusion. Controls performed without primary antibody were not fluorescent (data not shown). Three types of localization were observed: (i) in intercellular spaces of the mesophyll of leaf lamina, where they appeared to be linked to the plant cell walls ( Fig. 2A and B) ; (ii) in the xylem of the midrib and es- pecially in distorted xylem elements (in the latter the bacteria were highly concentrated ( Fig. 2A and C) ; and (iii) in lysigenous cavities likely derived from enlarged and damaged cortical parenchyma cells of the midrib (Goodman and White 1981) . At higher magnification, the fluorescence was clearly localized at the periphery of the bacterial cells, thus confirming the specificity of the antiserum (Fig. 2B, inset) . No fluorescence was seen in controls, in the absence of the specific antiserum (data not shown).
Among the different colonized compartments, the β-galactosidase activity was observed only at a high bacterial population (Fig. 3A) . It was seen in some of the lysigenous cavities located in the outer cortical parenchyma of the midrib (Fig.  3A and B) . The latter appeared as large cells, completely filled with both reactive and unreactive bacteria and generally surrounded by a cell wall thicker than that of neighboring cells. Bacteria expressing β-galactosidase activity were also seen in distorted xylem elements of the midrib vein ( Fig. 3A and C) . These distorted xylem elements also appeared as lysigenous cavities resulting from the collapse of a xylem tracheid in which remnants of secondary walls were still visible, as already described (Goodman and White 1981) . Figure 3C clearly shows the occurrence of both reactive and unreactive bacteria in neighboring cells and even within a single cell. It is noteworthy that the β-galactosidase activity was not the same in all the bacterial cells, indicating a different metabolic status with respect to iron. Interestingly, Dellagi et al. (1998) have shown that DFO could be either protective or deleterious to bacterial cells, according to the concentration levels, thus suggesting an accurate control of its production in intercellular spaces of plant tissues. The fine regulation of the receptor gene supports this hypothesis.
These data show that the bacteria encounter iron-restricted conditions as they proliferate in extracellular compartments of leaf tissues. Since foxR mutants are nonpathogenic, it is likely that the ability of bacterial cells to express their iron transport system in accordance with environmental conditions is important for disease evolution.
